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ABSTRACT 
 
We are analyzing earthquakes recorded by seismic networks in southern California to 
build on recent improvements in earthquake locations and source characterization.   Our 
work focuses on charactering swarms and foreshock sequences and on systematically 
estimating earthquake source properties, such as stress drop and radiated energy, using P-
wave spectra, and on modeling the scattering and attenuation structure of the southern 
California crust using coda waves.  Building on the catalog of over 60,000 stress-drop 
estimates that we published over a decade ago, our P-wave spectra analyses now include 
improved uncertainty estimates that take into account the limited data bandwidth.  We are 
using these results to test issues of earthquake scaling and our previous discovery that 
swarms and foreshock sequences in southern California tend to have lower-than-average 
stress drops.   In addition, we are characterizing and modeling the P- and S-wave coda 
(scattering envelope) of earthquakes in southern California to resolve the scattering and 
attenuation structure of the crust using a Monte Carlo seismic phonon modeling method 
based on radiative transfer theory.  In the long run, our results will provide basic 
knowledge about earthquake behavior and crustal properties that will increase the ability 
of seismologists to make realistic forecasts regarding strong motion probabilities in 
different locations, thus contributing to the goal of reducing losses from earthquakes in 
the United States. 
 

 
 



Results 
 
Swarms 

Understanding earthquake clustering in space and time is important but also challenging 
because of complexities in earthquake patterns and the large and diverse nature of 
earthquake catalogs. Swarms are of particular interest because they likely result from 
physical changes in the crust, such as slow slip or fluid flow.  Both swarms and clusters 
resulting from aftershock sequences can span a wide range of spatial and temporal scales.  
We have developed and implemented a new method to identify seismicity clusters of 
varying sizes and discriminate them from randomly occurring background seismicity. 
Our method searches for the closest neighboring earthquakes in space and time and 
compares the number of neighbors to the background events in larger space/time 
windows. Applying our method to California's San Jacinto Fault Zone (SJFZ), we found 
a total of 89 swarm-like groups (Zhang and Shearer, 2016). These groups range in size 
from 0.14 to 7.23 km and last from 15 minutes to 22 days. The most striking spatial 
pattern is the larger fraction of swarms at the northern and southern ends of the SJFZ than 
its central segment, which may be related to more normal-faulting events at the two ends. 
In order to explore possible driving mechanisms, we studied the spatial migration of 
events in swarms containing at least 20 events by fitting with both linear and diffusion 
migration models.  Our results suggest that SJFZ swarms are better explained by fluid 
flow because their estimated linear migration velocities are far smaller than those of 
typical creep events while large values of best-fitting hydraulic diffusivity are found. 
 
Earthquake source properties from P-wave spectra 

Small earthquakes form the overwhelming majority of local earthquake records, but 
only their locations and magnitudes are routinely cataloged. To understand earthquake 
physics, scaling relations, and the evolving stress state within southern California, we 
need to go beyond this. Earthquake stress drop, proportional to the slip divided by the 
length scale of rupture, is a basic property of earthquakes and is fundamental to the 
physics of the source and its energy budget (e.g. Kanamori and Brodsky, 2004).  
Knowledge of the true variability of stress drop is also important for strong ground 
motion modeling and prediction (e.g., Cotton et al., 2013). Stress drop is commonly 
estimated by measuring the corner frequency of the seismic source spectrum and 
assuming a simplified theoretical model of rupture (e.g. Brune, 1970; Madariaga, 1976; 
Kaneko and Shearer, 2014, 2015). The large number of stress drop studies attest to their 
importance, but their widely varying results (~0.1 to 100 MPa), the large uncertainties 
(when calculated), and the ongoing controversy of whether stress drop changes with 
earthquake magnitude are evidence for how hard it is to calculate reliably (e.g., 
Abercrombie, 1995, 2013; Abercrombie and Rice, 2005; Shearer et al., 2006; Malagnini 
et al., 2013; Kwiatek et al., 2014, Abercrombie et al., 2017, and references therein). This 
uncertainty limits the use of stress drop studies in understanding spatial variations in 
stress state (e.g., Hauksson, 2014), and predicting strong ground motion (e.g., Baltay et 
al., 2013, 2017; Baltay and Hanks, 2014). 

The main problem in calculating earthquake stress drop is how to separate source and 
path effects in band-limited signals and so measure corner frequency reliably. Various 



forms of empirical Green’s function (EGF) analysis, in which the seismogram of a co-
located small earthquake is used to represent the path effects in a larger earthquake 
recording, should decrease the trade-offs inherent in extracting the source spectrum (e.g., 
Kwiatek et al., 2014). If multiple earthquakes, recorded at multiple stations, are combined 
then it is possible to invert for both source parameters (constant for each event) and path 
effects (constant for individual paths) using a spectral decomposition approach (e.g., 
Shearer et al., 2006; Oth et al., 2011). 

 
 

 

 

 

 

 
 

 

 

Figure 1.  Boundaries of five study 
regions analyzed in the stress drop 
study of Trugman and Shearer 
(2017). Seismicity (black dots) is 
derived from the relocated catalog of 
Hauksson et al. (2012), with only ML 
≥ 1.1 events occurring from Jan. 
2002 through Sept. 2016 shown 
(consistent with the magnitude range 
and time period of the study). 
Vertical-component stations from the 
Southern California Seismic Network 
are marked as red triangles.  

In 2006, we applied spectral decomposition to analyze over 60,000 earthquakes in 
southern California.  Applying an iterative stacking approach to P-wave spectra, we were 
able to isolate source-, receiver-, and path-dependent terms.  Estimated Brune-type stress 
drops ranged from 0.2 to 20 MPa with no dependence on moment.  Despite the large 
scatter in observed stress drop, spatially coherent variations in median stress drop were 
apparent, including low values for the Imperial Valley and Northridge aftershocks and 
higher values for the eastern Transverse ranges.  These results are intriguing and still 
represent the largest stress-drop study ever performed.  However, the study suffered from 
the following limitations: (1) We analyzed data only between 1989 and 2001, a relatively 
stable period for the SCSN network, but which excluded more recent upgrades to 
broadband stations and the many additional earthquakes occurring in the last 15 years. (2) 
Although our approach applied a version of the EGF correction, it did so by 
simultaneously fitting a large number of stacked source spectra to a single self-similar 



source model, an approach that may bias the results toward self-similarity (i.e., no scaling 
of stress drop with moment).  (3) The 20 Hz upper bandwidth limit is generally below the 
corner frequencies of the small events (by far the most numerous in the data set), 
meaning that their corner frequency estimates are highly uncertain because they rely on 
the extrapolation of small spectral differences. (4) No error bars or formal uncertainties 
were included with the stress drop estimates.  

 
Figure 2.  Scaling of estimated stress drop (Δ𝜎) with seismic moment for four of the five study 
regions in southern California (see Fig. 1).  In each panel, the black dots correspond to 
measurements of source properties for individual events, and the median fc and Δ𝜎 in M0 bins of 
0.4 (log10 Nm units) are marked with square symbols. The best-fitting scaling parameter 𝜖1 and 
two sigma uncertainty for the binned data (obtained from weighted regression analysis) is 
denoted in each inset and plotted with a solid line. Events with poorly resolved corner frequencies 
due to bandwidth limitations are marked with open circles.  

We have now improved upon the Shearer et al. (2006) method in a number of respects.  
We use the multi-taper algorithm (Prieto et al., 2009), which provides smoother and more 
accurate spectra than the Hanning taper used in the 2006 study. We have increased the 
upper frequency limit to 25 Hz to better capture the corner frequency of smaller events 
and now apply an automatic algorithm to detect and discard clipped waveforms that can 
bias the spectral estimates.  We apply a bootstrap resampling approach to assess 
uncertainties in the corner frequency and relative moment estimates.  We find that the 
dominant source of uncertainty comes from the varying spectra from different stations 
recording the same event, especially in cases where the event is observed by a small 
number of stations or has poor azimuthal station coverage. Another important result is 
that the uncertainty in corner frequency increases as the corner frequency approaches the 
signal bandwidth, which causes the confidence interval for each estimate to be 
asymmetric about the estimated value. 

One of our most important improvements was to generalize the stacking approach that 
Shearer et al. (2006) used to obtain the EGF, while relaxing the assumption of self-



similar scaling between the stacked spectra. Rather than assume a constant stress drop Δ𝜎 
for each moment-binned stack, we allow for the possibility of a variation in mean stress 
drop with moment, i.e., log10 Δ𝜎 = 𝜖0 + 𝜖1 Ω0, where Ω0 is relative moment.  For five 
regions of dense seismicity in southern California (see Figure 1), we find that we can 
obtain a better fit if stress drop is permitted to increase with moment (see Figure 2). 

However, this result depends upon an assumed high-frequency fall-off rate of 2, i.e., 
the Brune model.  The fundamental observation is that the larger events have on average 
more high-frequency energy than predicted by a self-similar Brune model.  This can be 
explained by breaking self-similarity such that the larger earthquakes have higher average 
stress drops than the smaller events.  Alternatively, it can be explained by lessening the 
high-frequency falloff rate, which boosts the high-frequency energy observed for the 
larger earthquakes while not affecting the fit to the smaller earthquakes for which the 
corner frequency is near the upper limit of the data bandwidth.  This creates a tradeoff 
between the degree of stress-drop scaling and the high-frequency falloff rate, which is 
illustrated in Figure 3 for the Yuha Desert study region, but which is found for the other 
study regions as well. 

 
Figure 3.  Example showing the tradeoff between stress-drop scaling parameter 𝜖1 and spectral 
falloff rate n, for stacked source spectra from the Yuha Desert region. (a) EGF-corrected, stacked 
source spectra (solid black lines, binned by spectral moment Ω0) assuming a source model with 
𝜔−2 spectral falloff rate (n = 2) and scaling parameter 𝜖1 > 0. In this model, log10 Δ𝜎 is permitted 
to vary linearly with log10 M0. (b) EGF-corrected source spectra (solid black lines, binned by 
spectral moment Ω0), now assuming a source model with lower spectral falloff rate (n < 2) and 
fixed scaling parameter 𝜖1 = 0. In this model, Δ𝜎 is constrained to be invariant with M0. (c) 
Contour plot of the relative misfit between the observed (EGF-corrected) and theoretical stacked 
spectra, plotted as a function of scaling parameter (𝜖1, x axis) and high-frequency falloff rate (n, y 
axis). Source models that assume n = 2 (an 𝜔−2 model) require 𝜖1 > 0, while source models that 
assume 𝜖1 = 0 (a self-similar model) require n < 2.  

Coda wave analyses 
Body-wave arrivals seen in local and regional earthquake records are followed by a 

wavetrain of scattered energy termed the coda, which is typically modeled using 



scattering theories for random media.  A number of classic studies have analyzed local 
earthquake coda, including Aki and Chouet (1975), Sato (1977), Wu (1985), Frankel and 
Wennerberg (1987), Fehler et al. (1992), and many others (see review by Sato and Fehler, 
1998).  Most of these studies have focused on understanding coda behavior in terms of 
models of crustal and upper-mantle scattering strength and intrinsic attenuation.  
However, it is also possible to use coda waves to examine the spectral properties of the 
earthquake source, i.e., to resolve source spectra and estimate stress drop and radiated 
energy (e.g., Mayeda and Walter, 1996; Baltay et al., 2011; Abercrombie, 2013).  Coda-
wave approaches to source spectral measurements have the great advantage that they tend 
to average out radiation pattern and directivity differences in the spectra observed at 
individual stations (see Kaneko and Shearer, 2014, 2015, for a recent account of the 
importance of these effects). 

 
Figure 4.  Vertical- and transverse-component envelope-function stacks are shown in black with 
model predictions from the Monte Carlo scattering code shown in red.  The secondary S-wave 
peaks in the synthetics at 50 to 80 km range are Moho reflections from the 1D model, which are 
not seen clearly in the data stacks because of Moho depth variations across southern California.  

We have begun a comprehensive study of coda behavior in southern California to 
examine both crustal structure and source properties.  This is a new direction for my 
research program, although it is related to previous southern California work on 
attenuation structure (Hauksson and Shearer, 2006) and stress drop estimates from P-
wave spectra (Shearer et al., 2006; Chen and Shearer, 2011; Goebel et al., 2015; Trugman 
and Shearer, 2017).  Our approach has several stages:  (1) stack coda envelopes from 
large numbers of earthquakes to obtain spatially averaged coda behavior as a function of 
distance, source depth, and frequency; (2) model these results using a multiple-scattering 
Monte Carlo seismic phonon algorithm (Shearer and Earle, 2004) to determine the best-
fitting 1-D model of scattering properties and intrinsic attenuation; (3) compare these 



results to other methods, such as the multiple-lapse-time-window (MLTW) approach of 
Fehler et al. (1992); (4) analyze deviations of individual seismogram codas from the 
stacked average in order to characterize and model likely spatial variations in scattering 
strength and intrinsic attenuation; (5) apply methods similar to those developed by 
Mayeda and Walter (1996) and others to characterize source spectra for thousands of 
individual earthquakes. 

 
Figure 5.  Our preferred 1D intrinsic and scattering attenuation model for southern California.  
The correlation distance a describes the scale of the velocity variations and e gives their RMS 
fractional fluctuations. 

We have largely completed stages (1) and (2) under current funding and have a paper 
in review describing the results (Wang and Shearer, 2017).  We have applied a Monte 
Carlo method to track the random trajectories of millions of seismic energy particles that 
are sprayed from the source and then subject to scattering probabilities derived from 
random media theories (e.g., Gusev and Abubakirov, 1987; Hoshiba, 1991; Margerin et 
al., 2000; Shearer and Earle, 2004).  The algorithm is fully elastic and includes both P- 
and S-wave single and multiple scattering.  It computes scattering probabilities and 
scattering angles based on theoretical results for random heterogeneity models. The 
random medium is characterized by two parameters, the correlation distance, a, and the 
RMS fractional velocity fluctuation, e.  Figure 4 shows the coda stacks and the fit 
provided by our preferred model (Figure 5).  The synthetic results generally fit quite well 
for both the P- and S- wave coda decay and the energy distribution between the direct and 
coda waves. We find that the range dependence in the data stacks can only be fit with 
models containing strong scattering and intrinsic attenuation in the shallow crust and 
weaker scattering and attenuation in the mid to lower crust.  This result is important 
because many common approaches to analyzing coda waves assume simplified uniform 
half-space models and will produce misleading results when applied to more realistic 
depth-dependent models. 

A great advantage of our approach is that we are able to obtain unified, energy-
conserving models that can explain all of the main features that are seen in both direct 
waves and coda waves.  The ultimate goal of this research is to understand, as a function 
of frequency, where the energy radiated from earthquakes is going, i.e., how much is 



contained in the direct wave arrivals, how much is scattered and where it goes, and how 
much is lost due to intrinsic attenuation.  Although characterizing scattering properties 
and the power spectrum of crustal heterogeneity is very interesting from a theoretical 
point of view, this information is also fundamental for informing strong ground motion 
estimates at high frequencies, where scattering and attenuation effects are critical.  Thus, 
it is important to characterize not only average crustal properties, but their aleatoric and 
epistemic variability, so that the variance in predicted ground motions can be quantified 
on local and regional length scales. 

 
Figure 6.  Observed coda Q variations in southern California as a function of frequency and 
station location.  Coda Q increases with frequency, as shown by the different Q scales for each 
panel. 

We have begun extending this work to explore lateral variations in coda strength and 
decay rate and their implications for scattering and intrinsic attenuation.  Often lateral 
variability has been characterized by analyzing coda Q (a simple measure of the 
exponential decay of coda waves) as measured at different seismic stations and we will 
begin our study by performing a comprehensive coda Q analysis, decomposing the results 
into station, event, and path terms, and comparing our results to previous work.  Figure 6 
shows preliminary results for the station coda Q terms, which exhibit a strong frequency 
dependence.  These results are generally consistent with previous work (Aki, 1996), but 
show some deviations at frequencies above 4 Hz.  One advantage of our method is that 
we are able to explicitly test the hypothesis that near-station structure dominates coda Q 
variations (as compared to near-source or along-path structure) and we have been able to 
confirm this is the case for southern California.  Eventually we plan to modify our Monte 
Carlo code to handle 3D variations in scattering strength in order to test what kinds of 



laterally varying models can explain the scale lengths of coda Q variations that are 
observed and what this implies for scattering and intrinsic Q variations. 
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